INTRODUCTION
Photic stimuli associated with changing day length are known to regulate seasonal cycles of reproduction. In mammals, activation of the reproductive system requires intact eyes. The photic information is transmitted from the retina to the suprachiasmatic nuclei, ultimately reaching the pineal gland, where the duration of melatonin secretion determines the timing of seasonal endocrine secretions [1] . However, in birds, activation of the reproductive system does not require intact eyes and pineal gland [2] [3] [4] , because enucleation or pinealectomy, or both, caused no change in the seasonal patterns of gonadal growth or luteinizing hormone (LH) secretion [4] . In contrast, if the head is covered so that light cannot penetrate the skull, photoperiodic responses are eliminated [5] . Moreover, Siopes and Wilson [6] found that exposure of the eyes of domestic fowl, hens and Japanese quail females, to long days while the head was covered inhibits reproductive activity. Therefore, it was suggested that brain extraretinal photoreceptors photostimulation elevate reproductive activities [7, 8] . The adaptive advantage of reproduction inhibition mediated through the retina might be termination of seasonal breeding and occurrence of photorefractoriness [9] .
Photostimulation of retinal photoreceptors by green light elevated green opsin gene expression, while nondetectable amounts of this gene were observed in the hypothalamus [10] , because the ability of green light to penetrate the tissue is poor [11] . Moreover, in order to maintain a nonphotostimulatory condition in the brain extraretinal photoreceptors, 6 h of red light was used [10] . This period of time is not sufficient to stimulate reproduction, because broiler breeders need more than 10 h to become photostimulated [12] .
The mechanism by which the eyes inhibit reproduction is unknown. A first candidate for investigation in this regard is serotonin, because high levels of this hormone, which is synthesized in the retina [13, 14] and in the hypothalamus [15] during the day [13, 14, 16] , have been reported to inhibit avian reproduction [17] [18] [19] . Elevation of serotonin levels directly inhibits GnRH synthesis [20] and LH secretion [17, 19] . Conversely, blockade of the serotonergic system generally stimulates gonadotropin secretion and enhances gonadal development [17] .
A second candidate is vasoactive intestinal peptide (VIP), because in birds, its synthesis and release are under the control of serotonin [21] [22] [23] [24] , and consequently, VIP levels increase during the day and decrease at night [25] . Moreover, VIP is a prolactin-releasing factor [26] , and prolactin at high concentrations inhibits reproduction [27] . Photostimulation increases hypothalamic VIP mRNA content [28] and secretion [29] , which increases prolactin synthesis and secretion [30] .
The aim of the present study was to elucidate the mechanism underlying the decrease in reproductive performance following retinal photostimulation by investigating the roles of VIP and serotonin.
MATERIALS AND METHODS
All procedures were approved by the Animal Care and Welfare Committee of The Hebrew University of Jerusalem.
Experimental Animals
Broiler breeder hens (Cobb) were taken for experimentation at 23 wk of age. The hens were subjected to a commercial restricted feeding program with daily administration of feed as recommended by the Cobb 500 Breeder Management Guide with modification for birds reared in cages. The hens' diet contained 15.5% crude protein and 2750 kcal/kg of body weight (BW).
Light Treatments
Ninety broiler breeder hens were kept under nonphotostimulatory conditions (6L:18D) throughout their rearing period. At 24 wk of age, birds in three control (White) rooms were photostimulated (14L:10D) with the full light spectrum, using warm white fluorescent lamps (white light, 29 lx). Light intensities were determined by using a light meter (LI-COR). Three rooms had two parallel lighting systems: red (660 6 5 nm at intensity of 29 lx) and green (550 6 5 nm at equivalent intensity of 27.5 lx) provided by light-emitting diodes located at the top of the cage. Both light intensity measurements were taken at head level. This light intensity is sufficient for physiological activity (such as reproduction), as Rozenboim et al. [31] found that under an optimal light spectrum, light intensity can be greatly decreased. Before photostimulation, hens in the latter three rooms were kept for 1 wk under nonphotostimulatory conditions of 6-h light, using both the red and green light systems. At 24 wk of age, birds were photostimulated by increasing the green lighting to 14 h of light (whereas the red lighting was on for only 6 h at the beginning of the light period), constituting the Green treatment ( Table 1) . We turned on the red light for 6 h at the beginning of the light period to maintain nonphotostimulatory condition in the brain extraretinal photoreceptors, as previously described [10] .
Parachlorophenylalanine Treatment
On the first day of photostimulation, 15 hens from each light treatment (White and Green) were given parachlorophenylalanine (PCPA; Sigma) orally in gelatin capsules (50 mg/kg BW daily for 3 consecutive days) [17] . PCPA blocks serotonin synthesis by inhibiting tryptophan hydroxylase (an enzyme involved in the pathway of serotonin synthesis) [32] . PCPA treatment was repeated every other week [17] , using the same procedure until hens were 37 wk of age.
Immunization Against VIP
On the first day of photostimulation, 15 other hens from light treatment received a primary immunization of chicken VIP (125 lg; a generous gift from Prof. M.E. El Halawani, University of Minnesota, Minneapolis, MN) conjugated to keyhole limpet hemocyanin (KLH; Pierce) and mixed in Freund complete adjuvant (Sigma). Three booster immunizations (25 lg of VIP) in Freund incomplete adjuvant (Sigma) were given at 4-wk intervals. The mixture (2 ml) was injected subcutaneously into the neck [21, 33] .
Measurement Parameters
Daily and cumulative egg production were recorded. Heparinized blood samples were drawn from the brachial vein at 0800 h 1 wk before and weekly after photostimulation until 27 wk of age and every other week thereafter until 37 wk of age for determination of plasma progesterone, testosterone, estrogen, LH, and prolactin concentrations. In addition, the titer of cVIP antibodies was determined in the plasma samples.
Tissue Sampling
The experiment was terminated at 37 wk of age. Birds were killed by pentobarbital sodium injection (1 ml/1.5 kg BW; CTS, Chemical Industries Ltd.) at the onset of the photoperiod. A block of tissue encompassing the hypothalamus and preoptic area was removed from the floor of the brain. The block of tissue was 4 mm wide (2 mm to each side of the midline) and extended from the septomesencephalic tract rostrally to the mammillary bodies caudally. The specimen was 2 mm high at its rostral end and 4 mm high at its caudal end. The entire hypothalamus and pituitary of all groups were removed at the same time and stored at À808C until analysis for RNA expression.
RNA Extraction and RT-PCR
Total RNA was isolated from hypothalamus and pituitary tissues using TRI reagent, and 1 lg of RNA was reverse transcribed into cDNA as described previously [10] . To avoid genomic DNA contamination, RNA samples were treated with DNase before reverse transcription.
Real-time PCR was used to assay expression of GnRH-I, VIP, LH-b, FSHb, and prolactin genes. b-Actin was used as the housekeeping gene. Sequences of the primers (which did not span intros) used in the PCRs are shown in Table  2 . Real-time PCR was performed using an Mx3000P QPCR system (Stratagene) with the SYBR Green I PCR kit (Eurogenetec). 
Hormone Analysis
Plasma progesterone, estradiol, and testosterone were measured in a single assay by enzyme-linked immunosorbent assay (ELISA) according to a previously described method [34] , which was validated for laying hens. Dilutions of primary antibody and tracer were 1:5000 and 1:50; 1:160 000 and 1:160; and 1:320 000 and 1:320 for progesterone, estradiol, and testosterone, respectively. The minimal detectable dose for progesterone, estradiol, and testosterone was 0.78 pg/ml. The interassay coefficients of variation were less than 5% for progesterone, estradiol, and testosterone.
Plasma LH level was determined by an ELISA developed in our laboratory. Microtiter plates (Maxisorb) were coated with 150 ll of goat anti-rabbit GmbH) . The amount of LH in the samples was calculated from the standard curve by using GraphPad Prism software. The minimum detection limit was 0.312 pg/ml, and the intra-assay coefficient of variation was less than 5%.
Plasma prolactin was assayed by competitive ELISA using biotinylated prolactin tracer as described previously [35] .
VIP Antibody Titer
VIP antibody titer was measured in order to verify the success of active immunization. The extent of the immunization was assessed by measuring plasma prolactin level.
The titer of VIP antibody was determined in plasma diluted 1:100 with assay buffer (0.15 M PBS, pH 7.2, 0.05% [w/v] Tween-20, 1% [w/v] casein). Microtiter plates were coated with 0.1 ml/well of 1 lg/ml cVIP (generous gift of Prof. M.E. El Halawani) diluted in carbonate buffer, pH 9.6, and incubated overnight at 48C. Well contents were aspirated, and plates were blocked by addition of 0.2 ml/well 1% casein (Sigma) in 0.15 M PBS, pH 7.2. After a 2-h incubation at room temperature, plates were washed three times in 0.02 M PBS containing 0.05% Tween-20. Then, 90 ll of assay buffer and 10 ll of diluted plasma sample were pipetted into the wells. After a 2-h incubation at 378C, plates were washed, and 0.1 ml of goat anti-chicken immunoglobulin G (IgG)-HRP (Sigma) diluted 1:5000 in assay buffer was added to all wells. After a 2-h incubation at room temperature, plates were washed, and 0.1 ml ABTS reagent was added. After a 30-min incubation at room temperature, the color reaction was measured at 405 nm with an ELISA reader (Sunrise; Tecan).
Statistical Analysis
All data were subjected to two-way ANOVA with a model that included light and PCPA or VIP treatments and their interaction as main effects. Hormone levels and egg production were analyzed by two-way repeatedmeasures ANOVA with the room as the random factor. JMP 2000 software (SAS Institute) was used for all analyses. Differences between means were tested by Tukey-Kramer test. Differences were considered significant at a P value of ,0.05. Data are means 6 SEM.
RESULTS

VIP Antibody Titer
Active immunization against VIP increased (P , 0.05) VIP antibody titer in the plasma of hens of both the White (control) and Green groups, with no significant differences between these two groups, except at Week 3 of photostimulation (Fig.  1) . Maximum VIP antibody titer (1.78 optical density [OD]) was obtained after the first booster in the Green group and after the third booster (1.4 OD) in the White group. Plasma samples collected from hens that received PCPA in both light treatments had nondetectable anti-VIP titers.
Weekly and Cumulative Egg Production
Selective photostimulation of retinal photoreceptors (Green) caused a significant delay in the onset of egg production (Fig.  2) . Hens that were photostimulated with green light and treated with PCPA 1 wk before photostimulation and every other week thereafter showed improved (P , 0.05) egg production compared with that of the Green-Control and Green-VIP groups. Egg production of the Green-PCPA group did not differ from that of the white light groups (White-Control, White-PCPA, and White-VIP) by Week 8 of photostimulation. 
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Active immunization against VIP had no effect on egg production under either white light or green light. Two-way repeated measures ANOVA revealed significant light (P , 0.0001), time (P , 0.0001), and time 3 treatment (P , 0.0001) effects were found.
Cumulative egg production during the 12 wk of the experiment (Fig. 3 ) was greater (P , 0.05) in the Green group treated with PCPA than in the Green-Control and Green-VIP groups and did not differ from that in the White-Control and White-VIP groups.
Gene Expression
Photostimulation with green light reduced (P , 0.05) GnRH-I, LH-b, and FSH-b mRNA expression (Fig. 4, A, B , and C, respectively), whereas PCPA treatment increased (P , 0.05) the expression of these genes to levels similar to those of the White-Control group. PCPA treatment had no effect on FSH-b mRNA expression in hens photostimulated with white light. However, it increased (P , 0.05) GnRH-I and LH-b mRNA expression levels in those hens. Active immunization against VIP had no effect on the expression of gonadal axis genes in either the White or Green group.
Looking at lactotrophic gene expression, PCPA treatment reduced (P , 0.05) VIP and prolactin mRNA expression under both white and green light (Fig. 5, A and B) . Hens that were immunized against VIP under both white and green light exhibited a similar and significant decrease in prolactin gene expression without any effect on VIP gene expression that was similar to the control groups of each treatment light.
Plasma LH and Prolactin Concentrations
Hens that were treated with PCPA and photostimulated with green light had higher plasma LH concentrations (P , 0.05) than hens of the Green-Control and Green-VIP groups (Fig. 6) . Plasma LH concentration in the Green-PCPA group continued to rise and, at 5 wk of photostimulation, did not differ from that in the White groups. Although there were significant differences among plasma LH concentrations of the White-VIP and Green-VIP hens, hens of the White-VIP and Green-VIP groups exhibited no differences in plasma LH concentration compared to their corresponding controls, except at Weeks 7 and 2 after photostimulation with white and green light, respectively, when a respective reduction and elevation (P , 0.05) were observed. Two-way repeated measures ANOVA revealed significant light (P , 0.0001), treatment (P , 0.011), time (P , 0.0001), time 3 light (P , 0.0001), and light 3 treatment (P , 0.0001) effects.
PCPA and VIP treatments under both white and green light conditions reduced (P , 0.05) plasma prolactin levels (Fig. 7) . 
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Two-way repeated measures ANOVA revealed significant light (P , 0.0001), treatment (P , 0.0001), light 3 treatment (P , 0.0001), time (P , 0.0001), time 3 light (P , 0.0001), time 3 treatment (P , 0.0001) and time 3 light 3 treatment (P , 0.0001) effects.
Plasma Progesterone, Testosterone, and Estrogen Concentrations
Hens that were photostimulated with green light showed a reduction (P , 0.05) in plasma progesterone, testosterone, and estrogen concentrations (Fig. 8, A , B, and C, respectively). However, PCPA treatment elevated (P , 0.05) plasma concentrations of all three steroids. Active immunization against VIP also elevated (P , 0.05) plasma progesterone and testosterone concentrations, but this increase was smaller than that caused by PCPA treatment. Active immunization against VIP had no effect on plasma estrogen concentrations. Two-way repeated measures ANOVA revealed significant light (P , 0.0001), treatment (P , 0.0001), light 3 treatment (P , 0.0001), time (P , 0.0001), time 3 light (P , 0.0001) and time 3 treatment (P , 0.0001) effects.
DISCUSSION
We recently reported that selective photostimulation of retinal photoreceptors decreases reproductive performance, whereby hens exposed to 14 h of green light showed significantly lower levels of LH-b mRNA expression and delay in onset of egg production and, consequently, significantly lower cumulative egg production [10] . Those results supported the previous assertion that eyes are not necessary for photic determination of reproductive stimulation [7, 8] . In fact, photic stimulation of the eyes seems to have an inhibitory effect on reproduction, in accordance with the finding that orbital enucleation increases egg production in chickens [36] .
The mechanism(s) by which retinal photostimulation inhibits reproduction is far from clear. In the present study, we examined the possibility that this inhibition occurred through serotonin, as serotonin is synthesized in the retina [13, 16] and in the hypothalamus [15] and can inhibit reproduction [37] . Indeed, we found that treatment with PCPA, which inhibits tryptophan hydroxylase [32] , increases egg production, cumulative egg production, and expression of GnRH-I, LH-b, and FSH-b mRNA. Serotonin levels in the retina [13, 14, 16] are higher during the day and decrease during the night. As the avian retina shows relative peak sensitivity to the green-yellow bands of the light spectrum (545-575 nm) [38] [39] [40] , we speculated that retinal photostimulation with green light might increase serotonin levels and consequently inhibit reproductive 
SEROTONIN AND VIP INVOLVEMENT ON REPRODUCTION
performance, which was manifested by a considerable delay in egg production in all green treatments light. PCPA treatment moderated this delay however, the dose of PCPA that was used in the present study might not be sufficient. Further investigation, using different doses of PCPA should be conducted.
Serotonin may suppress reproductive axis activity via two pathways: (1) directly through serotonin receptor type 2 (5-HT2) [41] , which suppresses GnRH-I synthesis [41] and LH secretion [19] . Furthermore, serotonin decreases GnRH and LH release in female rats after sexual maturity [42, 43] . We suggest that a similar mechanism exists in birds because PCPA treatment of mature broiler breeder chickens was found here to increase GnRH-I, LH-b, and FSH-b mRNA expression, in agreement with the finding in female rats after sexual maturity; (2) indirectly, via different possible modulators such as (a) VIP, which is known to be a major a prolactin-releasing hormone in birds [23] , whose synthesis is controlled by serotonin [44] [45] [46] . In the present study, immunization against VIP lowered prolactin mRNA expression and plasma levels without any effect on reproductive performance. VIP expression has been demonstrated in the embryo chicken retina [47] and VIP terminals to have a direct synaptic contact with GnRH cells [48] [49] [50] . Therefore, it has been suggested that VIP may be a transducer of stimulatory photic cues to the GnRH system in birds [51, 52] and VIP neutralization should decrease reproductive-axis activity. On the other hand, although PCPA treatment in the present study significantly lowered VIP mRNA expression, an elevation in reproductive performance was observed; (b) glutamate, which is a neurotransmitter of the retinohypothalamic tract that conveys retinal light signals to the hypothalamic suprachiasmatic nuclei [53] [54] [55] [56] . Glutamate release is controlled by serotonin via 5-HT 1B receptor [57] [58] [59] [60] . In mammals, high levels of serotonin suppress glutamate release [61, 62] , which is responsible for hypothalamic pulsatile GnRH release [63, 64] . Similarly, we suggest that glutamate might play a role in avian reproduction, because treatment with the glutamate agonist N-methyl-DL-aspartate has been shown to increase GnRH and LH release in starlings and white-crowned sparrows [65, 66] . Therefore, green light that could increase serotonin synthesis and release would suppress GnRH mRNA expression through inhibition of glutamate release; (c) melatonin, which is synthesized from serotonin, might inhibit reproduction because it is a key factor involved in the stimulation of gonadotropin-inhibitory hormone (GnIH) [67] . Furthermore, melatonin increases GnIH mRNA and content [67] . GnIH, regulates avian reproduction by decreasing gonadotropin release and synthesis via action on the GnRH system and the anterior pituitary gland [68] [69] [70] . Therefore, we suggest that decreasing melatonin levels (by PCPA treatment) might facilitate release of reproductive hormones (with less stimulation of GnIH).
Taken together, our results indicate that serotonin, and not VIP, is involved in the reproductive decline associated with selective retinal photostimulation.
